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flUi awrtfti kimttic «ntrgy par 'unit volun» rtqulrwd to produc« 
breataip of A diwglng, hoUow conic»! liquid Jet In iM»asui«wl <■ * * 
Junction of viscositj, rnstim« %m»im, md d«Mlty of tto» liquid. An 
•n^irictl aquation rolating th« onargy, called the "oritical" mmrgf, 
idth the liquid propartia» is fonaulated. The Noritical" energy li also 
maaurad as a function of io«le deaign featurat using water as the 
liquid, A modol is prtsented to explain the empirical relationship 
botween "critical" enargy and liquid properties. This model for the 
energetics involved in, th» breakup of the hollow oonical Jtt is tontatlv«. 
Some of the assuniptions of energy partitioning u»«d in formulating tht 
model art being investigated as part of a continuing study in conical 
Jet breakup. 
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INmiM HEPORT JO 

mmm OF A DIVEHOIW CONICAL JET 

1. IMTHODUCTIOM 

Any oomplttt deacrlptlon of tht machaniom of aerosol proctootlon by 
noMle« ohoild includt somi tccountlng of t,b» partition of th« tnorfy 
InltlaUy available for the proces». In the ease of a »ingle-fluid noatle, 
the potential energy of the liquid i» cpnrerted into kinetic energy in the 
cloeed hydraulic «yste« where energy dinipation also occura as a rmall of 
vitooslty. Moeales are i8«al,ly doalped so that divergence of streandines 
occurs at the orifice, causing an increase in surface area per unit volume 
as the liquid flows from, the noaale in the atnoaphere. Associated with 
this Increase in surface area is an increase in surface energy of the 
liquid at the expense of its kinetic energy. This rspresents work performed 
against a potential gradient and therefore ii conservative. Th« initial 
kinetic energy of the liquid will also be expended in two other ways: 

L Dissipation of kinetic energy will occur ■within the liquid as 
long as any velocity gradients exist there, and this energy will appear aa 
hsat. As long as velocity gradients initially aet up in the nozale exiat, 
dissipation will result. 

..  2. An exchange of nomentim will take place between the liquid jet and 
the surrounding atmoaphere, and the loss in kinetic energy of the liquid 
will appear in part as air motion and eventually as heat. Since this 
liquid-air Interaction neceasarily takes place at the aurface of the liquid, 
the reaction of the air on the liquid will also tend to establish or 
maintain gradients in the liquid, causing or prolonging further disaipative 
XO0J3» 

Droplets comprising an aerosol produced by a single-fluid nojjssle are 
formed by the breakup of thin sheets of liquid or rupture of fine filaments 
created in the sheet breakup, and if stability of the sheets is maintained, 
:no droplets will be formed. Hence, on*» of the problems involved in the 
energetics of droplet production ist the determination of the energy 
requirement necessary for sheet instability, and how the energy is expended 
in the process of producing this instability. 

This report presents in part the results of some experimental work on 
the general problems of the energy requirement for breakup of a hollow 
conical jet. A hollow conical jat was choaen for two reasons. (I) At 
least two types of nozzles in use for the production of aerosols produce 
diverging hollow conical sheets of liquid, i.e., the impingement-type 
nofczle and the swirl-type nozzle. (2) The transition from stability to 
instability is eaaily recognized in the hollow conical jet from its shape. 
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The action of the Jet cam, be qualitatively described ao follows« 

The hollow conical noazl«, shown BchMiatically in cross section in 
Figure 1, produces a Jet which will emerge from, the mmlM at the angle, 
0, to the axis. This expanding conical sheet will reach so» nudinun 
dianeter consistent ndth the inltt«!/kinetic energy and physical properties 
of the liquid,, and then will collapse under Influence of surface tension 
Mo a solid stre«,, This phase of the noaale behavior is stable and is 
shown tchematically in Figure 2. is the initial kinetic energy is incmased, 
a point is reached where collapse of the jet does not occur. At this point 
the conical sheet beooms discontinuous and surface tension cannot act to 
produce contraction of the Jet, The liquid, having reached mm »axinuin, 
diameter, flows in a disrupted sheet parallel to the noaale axis, i.e., zwo 
angle 'between the Jet surface and flow axis. See Figure 3. 

This state, will be referred to as the "critical aUte", Likewise, 
the initial velocity of the Jet at the noaale and the initial, average 
kinetic energy per unit volua« for this condition, will be termed "critical 
velocity" mdj"terifcical energy". 

As the initial kinetic energy Is increased above the critical value, 
continued divergence of the jet takes place, and breakup of the Jet will 
occur closer to the noaale, as shown in Figure 4. 

• This report will treat the problem of the critical state and will be 
divided into three parts. Part 2 will examine the "critical energy" as a 
function of the liquid properties. Part 3 will describe experliaents to 
determine "critical energy" as a function of nozzle design. Part 4 will 
consist of a simplified model for the energetics involved in the breakup 
of the hollow conical jet and will describe a preliminary experiment 
conducted to determine the energy partitioning. 

2" BFFECT OF UflUlD PROPERTIES ON JET BREAKUP 

A series of experiments was conducted to determine the "critical 
energy" for various liquids differing in density, surface tension and 
viscosity. To calculate the critical kinetic energy per unit volume, 
the flow rate of the noaale under critical conditions and the annular 
area of the conical nozzle normal to streamlines must be known. 
"Critical energy" is defined by: 

*e = i z0^ (i) 

where 51- average velocity of jet as it leaves the nozzle in the 
critical state 

/> ■ density of the liquid, assumed constant 
mi 

KE. - "critical energy" ■ average kinetic energy per unit volume, 
and from the equation of continuity, for constant density 
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u ■ annular uparatlon 

R   ■ rodiui of nonlt bait 

0 • nozzl« half-anglt 

i ■ Jatvalocity 

Figure 1. Hollow Conical Nozzle 
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NOZZLE BEHAVIOR OF JET WITH INCREASES 
IN KINETIC ENERGY 

Figure 2. Stoble Figure 3. "critical state 

Figure 4. Above "critical state" 
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"Vg"   AJL =   (X (2) 

i 

wtwrt kL • projecttd nolil« am, p«i^iidlo|l*r to itrttitliiMi»| 
«sniHttd parallel to nonl« walls** 

Q   ■ moluiM flow rat« 

Th« critical «n«rgjr may bt wwpitttn. 

KE -p {\ y (3) 

Ih« annnlar area, A if calculattd from, tht noaale goowtry. Th« 
oiptrliMitil. noiil« is *own in Pigu,re 5, The mml« baa« is couplwd 
to the upper portion or the HOMI« with a ACMN ndcrometer thread. ••O" 
rings in the piston portion of the noaal« provided an effectife seal, 
The notfle can be adjusted to any predotomlned annular area by 
advancing the bate fro« the closed rumle position where contact is 
made between the centrally located rigidly li»d needle and the nomle 
base. The area perpendicular to flow is given by: 

Ai«Tl ^1+. 
rtfWe   J 

(4) 

where H ■ radius of the base orifice 

6 - half aiigl« of the notile  ." ■ * 

fL/« h tan'ö1 » aimular separation of the nozstlo in its. set 
positioft 

h ■ vertical nozzle adjustment 

The various liquids used in this series of expefAments are listed 
in Tables I and II. Surface-tension measurements were made statically 
with a Dunoüy Tehsiometer. Viscosity measurements were made with a 
'rotational viscometer. Viscosities of these solutions were independent 
of shear rate and therefore classed as Newtonian. All measurements 
were made at the time of an experimental run, precluding temperature 
effects and effects of aging. 

The experimental setup is shown in Figure 6. For a fixed nozzle 
setting, the nozzle pressure was adjusted until the critical velocity 
for the liquid under test was reached. The volume flow rate of the 
nozzle was then measured for the critical, steady-state condition. 
Three determinations of flow rate were made for each liquid, and liquid 
properties were checked ajter each run to determine the possibility 
of contaiination. Average deviations for each run were between IS and 
3*. 
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BASE NEEDLE 

Figure 5.  Experimental Nozzle 
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T - nitrogen tank W - timer 
R - pressure regulator 6 - pressure gouge 
C - liquid chamber N - nozzle 
S - solenoid valve B - liquid sump 
L - flood lamp P - camera 

Figure 6. Experimental Arrangement I 
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Thrt« aoiflii mn uMd in tkii «trio« of iipriiiiiiit», «ich witti 
a IQ-dogm half angl« md A 0.l50n uuralar (liwsttr at ih« mml» 
(»xii. ioicit No. 1 'wu construetttl of bra»» with a brona» n««dlt. 
Noult Ho. 2 was Identical to noulo Mo» 1 In dealp but wa» oontiiuoiad 
'with a atainlass stool baao md. Media. Ttw ratton for this chang® in 
construction vap' two-fold» (l) to prtvortt »urface corrosion «ud (3) to 
so« if the ■achinablllty of th« natal umi in the noult oout.RMlion 
co'uld affect th« notijl« porformauce. Th« needle» in notale No* 1 and 
noKJtli Mo. 2 protnded beyond th« plan« of th« noitl« has« with th« 
nonles in the adjusted 'position. MOBII« Mo..:#•« idwntical with 
Moitl« Mo. 2 except, that th« needle was shortened« 90 that there was 
no extonaion beyond the base. 

Hosil« I and 2 MOBII« 3 

Ihr«« »eta of "critical energy" wasureiients were mad«, on« set 
with «ach mil«. Figur« 7 »hows reiulis of th« first «jqjeriaont 
using nowie Mo. 1. A plot is made of "critical «nargy" versus surface 
tension for the eight liquids tested. Ther^ are two points of interest 
about the plot. Th« "critical energy" appears io be an approxinmtely 
linear function of surface tension for solutions with the lower 
viscosities* As the viscosity increases th« "critical energy" values 
«xcead thos« following the linear relationship. A viscosity effect 
is tlso reflectad in the spread of values about the straight line 
average. 

A socond determination of "critical energy" as a function of liquid 
properties was made using noszle 2. An additional number of high- 
viscosity solutions were included in the experiment as a check on the 
effect of high viscosity noted above. Bo-mlts of this experiment 
corroborated the first. Higher viscosity solutions with the same 
surface tension required a higher initial average kinetic energy to 
reach the critical state than did the lower viscosity solutions. 
Results of this experiment are plotted In Figure 8. 
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10        20        30       40        60        60        70 
surface tension        dynes/cm. 

Rgure I Critical Energy vs. Surface Tension, 
Nozzle I, Series I. 
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noiiili nf, 2 
%• 16.30JCtCf «*' 

H «viicoiity 

10        20       30        40       50        60        /O 
turfoce tension dynes/cm. 

Figure 8. Critical Energy vs. Surface Tension, 
NozzleS, Series 2. 
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A final, mi of mmrgj mmurmmnta MM nad« ualng noul« Uo* 3, 
whiA has th» ihortinid mtdli*   itom.l.ts tor th« low-vlicoaltj loliilon« 
mam In paaril ifrtwiiiit with those using noultw 1 tnd 2.   Hcwtinr, 
«ntpgy rtqwlrtnmt for ih» "critictl ttatt" *d,th higher vlMoiltjr 
»olwtlon» ¥»» coiMlderablj gre«t«r.   Ewwlti irt shorn in Figur« 9. 

Th« data indicate thai the kinetic energy valuer'plotted against 
surface tension «dght lie on a family of curves, where the parameter 
is viscosity*   If the ratio of kinetic energy to surface tension, is 
plotted against viscosity, a relationship 1» obtained as shown in 
Figure 10 for th© data of aeries 3, 

This 'data can be roughly approxifliated by1 two straight-line equations 
for two viscosity ranges. 

'Ik 

iP'-.«1i'<-^ r*»<wc.». (6) 

^.«.^'.,-5 >) - »i«o.lty, c«.Upol... 
«r • surface tension, dynea/cm, 

®h ®2» ^1» ^2   " constanta 

This indicate» that kinetic energy aa a function of surface tension 
can be expressed by a family of straight lines with slopes a function 
of viacoslty, 

■ipTw t ^0- ^c(r fro« (5) 

jl^:)  .  «.^c. (7) 

The atraight-line relationship in Figures 7, 8, 9, for an average 
viacoslty of 2 c.p. is one of a family of straight lines, with 
viscosity as the parameter. 

The larger critical energy requirement for nozzle No. 3 is 
reflected in the v&lw of K2,, which is higher than that for nozzles 
1 and 2. See Figure 14. 

Elimjftiation of the free metal surface of the protruding needle 
of nozzles 1 and 2 has increased the stability of the jet, since 
for a given critical energy value for these nozzles, breakup has not 
yet occurred in nozzle 3. The value of kg is probably some measure 
of the jet stability. 

'"'""""H-i'Ülllliilllllllllllll!,, 
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ft« crttiml mmgy ippetrtd to ta indflpwidtnt of tht iwynold'a iuiibir 
for tti low-vlscooity map.   Hoiynold'» iuiibor MM oo«pa:t«d ming th4 
•Ifirittllfl »w dflpth", difliwd ts tht wtio of ar«i to wtttod periiwiter 
of croti ■«ctlon.   Iti wm i» bistd on Urn iitttiptlou thtt, far » glftn 
«rtdi thi r«»lttirict to flow d«;p«ndB upon the ifflount of lluld, in conttet 
idth th» mrtm«,   for th« high-viacoaity rang«, critical tnergy app©*r«d 
to b« a dfcrtasilng function of Itjwold'i iuinber.   Th» filwi of th» 
Rtyiwld1 ■ llhibtr in thi» rtglon depends iirongly on vitcoiltj, and the 
apparent dopendonca of critical entrgy an Besmold'» liunibtr probably raflects 
iifl depandenca on vliWitty.   Figura 11. 

Tlw two iirai#t-lina region» given by aquation 5 and 6 «ay poaaibly 
repraaent two condition« of Jat Btability,   tad tha tranoition between the 
two can bt characteriaad by a fixed 'value for the ftjynold'i NuiAar.   Figure 
12 »how th« oritieal «»rfy as a function of lejnold'« Numbar.   Critical 
anergy If imtpwdtnt of Reynold" a Nuaberior ■& iralue of H>500.   Flpr« 13 
li a plot of critical «nargy vtraua yiscoiity and a discontinuity la found 
at a viacoaity of approxiaately 5 op.   Figure U »how» the ewpirioal plot 
of aquation» (5) and (6) and tha tranaitlon take» placa at ««5 cp, corraa- 
ponding to a Reynold•» Nuabar of »500 aa »hown by Figure li. 

The ratio of critical energy to aurface tenaion whan plotted against 
Reynold'1 a Niuiibar gives avidanca of a discontinuity at 500<%c60O.   Far 
value» of R5-50O,, the ratio ia indapendant of % whereas for K500 the 
ratio la dependent on R, reflecting tha dependence of H on viacoaity in 
this .region.   3ea .Figure 15.   rience, I^tfJOO may represent the transition 
between two region» of Jet stability and the transition may be from a 
condition of turbulent to laminar flow in the noaale. 

Suinary of Part 2 

1. The average kinetio energy per unit voluae necessary to produce 
breakup of the expanding conical Jet la a function of viacoaity and surface 
tension. 

2. The dapendenoe of this ••critical energy" on viscosity ia probably 
due to three factors» 

(a) Viacous loss in energy due to velocity gradients in the liquid. 

(b) Inherent stability of the Jet as a result of type of flow 
through the nowle. 

(o) Stability of the Jet as a result of the damping of disturbances 
which might otherwise have a disrupting effect, Increased 
stability would enable more work to be performed both in 
storing surface energy and in working against friction. 

■■■■IB 
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3. IFWCT OF ma SEB OF .NOZZLE DBIQH OM jjg Baa 

4 ttriii of f,j|»«:rii»n:t$ its porfonimd to corrtlat» "critlcil. »airp1' 
with ilM following conical IKWI« dtfip fttttttren 

1. todiu» of MMle «nulus, ii 

2. Width of no»!« «nnulus,,^ 

3. lowli angle,, 0 

Thts« features ar« show in Fi.ppt i. 

Two Tilue» mm ehoma tor ••ch puriMtflr, rtwlting in sight dlfftrmt 
comtolmtlon». This roquirsd thi »chlnlag of four mttl» hamn and four 
n«tdlt», wwl »ffordid a tw-point plot of "critical mmm% *»mi a given 
doal.p faatur«, with ih« rmainlni two stndnf as paramitrt. 

Other apparatus includad a Sylvania EA-210 hi«#»-ep«od Haah source 
with an apprddiiat« ^mleroaecorad fUab duration, a liroht unit, and a 45 
aluinJiw» Motor ■mmttd on a varlabla-speod motor. Thi» equipment was 
uaed in photographing the conical jet» and in determining Jet velocity. 
Diitilled water was used as the test liquid. 

The «atperimental arrangenant for thi» aeries of experiments i» »hown 
echeiiaUcally in Fipre 16. The position of the noazl« was adjusted eo 
that the point of breakup of the Jet in the critical »täte lay in the 
plan« of the horissontaHy mounted aluaimm sector. With thi» adjustoent 
made, the sector wa» rotated by the variAble-epeed motor and allowed to 
"ohop" the jet in the critical state at the point of breakup. The angular 
volooity of the »octor wa» measured stroboecopicalljr during this »ectoring 
procl«%i and a high-epeed flash photograph wa« taken. Illumination was 
triggered by the sector as it passed through the Jet., A eecond photograph 
was made of the jet in the critical state without it» being sectored. 
Volume flow rate as a function of pressure was measured for each noassle, 
and the critical volume rate of flow was determined from the photographically 
recorded nosusle preesure at the critical »tat« of the jet. 

The critical energy was defined a» in Part 2, the area of the noaale 
annulu» perpendicular to the flow being calculated from the nozzle geometry. 
Results of critical energy determination as a function of nozzle design', 
features are plotted in Figure 17. In general, the critical energy 
decreased with increased angle, annular width, and annular diameter for 
each nozzle. The dfptndence of critical energy on angle was more marked 
than itt-dependence on other design feature». 
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Figure 16. Experimental Arrangement I 
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A «■••WM off the thlckiMBi of ih« comical ttiamt at point, of brtatap 
ma obtidwd fro« photofrnplii of tlit interrupt»d jots,   *• ""««f.« 
ih« jit wia calcttlitod by ming «»• rotational vtloolty ol tbt rotating 
stctor and a mmwmnmi of tb« intarrupted Jtt from th« photograph accord- 
ing toi 

Mhtr«   c*-- apparent Jet velocity cm/mc 

{ - rotational frequency cyclae/eec 

L • inttrruptad J«t length, c«. 

Alto, the diamet«:r of the Jet at point of brtataip wa» d«tt,rmined from 
the photographs, and from the equation of continuity the apparent 
thickneea of the conical »beet could be detenninod. 

(8) t ,  JSLII  

whoro 9« TOIUB» flow rate, cir/itc. 

d • J«t diameter, cm. 

tL« apparent jot thicknoas. 

Rotults of thi» determination are plotted in Figure 18. The apparent sheet 
thickness decreases with increased angle and increases with increased nozzle 
diameter and annular width for each noszlo. • 

The values of the apparent sheet thickness were ^V^^nT^L 
of magnitude, the average value being 3.49 x 10-3 cm £ 0.70 x 10 ^average 
deviation, in the calculation of sheet thickneso from the measured Jet 
velocity, a uniform circular annulus was assumed, which in practice was 
not the case, since surface irregularities did exist. Hence, the term 
••apparent" is used to express the thickness the sheet would have had if 
the cross-sectional area had been regular. 

The sheet thickness at breakup can be related to the critical energy 
by an expression for conservation of energy. If one assumes that the 
kinetic energy due to the horizontal or radial component of velocity of 
the liquid per unit volume at the noazle is expended in storing surface 
energy and in doing non-conservative work, the following expression can 
be written: 

1 
y» yw*. • = ir (V'W Fix (9) 
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nhirt § ■ half angle of tin noBssle 

% m initial ihttt Mokwii 

T^ ■ final she«t thlckne»« 

If ■ ird:tial critical wiloeltj 

<r ■ nrfio« ttmiioii 

ff'Xf ■ t«:m ijtpriitiiig dissipatl?* IOM In «niru in. horltontal 
dirtction. 

fh«r« li no t«:m on. the right aid« of «quation (9) involving kinetic 
tnergy, «inct at point of hroakup the radial eomponvnt of mloelty it 
mr®.   Sect below. „ 

Ifc 
*  IS  

ftlrib •<lr W«»II*I# 

From equation, (9)» an expmsion can be writton which will charactcriae 
each coabinatlon of mule daslgn faaturts. The ratio of the change in 
surface energy to the initial kinetic energy available for this conaervative 
work: will be called "noatl« «fficioncy",, and will be a measure of the 
efficiency of the noulo in producing a transformation of kinetic energy 
to surface energy per unit volume. 

f '-if »(■! 
a. r 

(10) 

E • "noaale efficiency" 

These "nomsl« efficiency" values are plotted in Figure 19. The 
dependence on angle is again, as in the case of critical energy, stronger 
than the other design features. 

The disaipative term in Equation (9) affects the nozzle efficiency 
and results from: 

(1) velocity gradients in the sheet 

(2) interaction of the sheet with the atmosphere. 

.liiL.ililiii.Mdli ii.iii 1: in.riMi 
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SSIl^J^ ^f flWt rw,0ti« of tto ^^l 'ilocity «dllti 

«a ^at umu pun kkitic «nir,^ „   1» tilt noMlt, 

n • n t B'i (11) 

»tow PI , pottntlal «nergy of iht liquid pr unit voloit 

B . Jdnttlo mmgr m UmU Umm tbt MI«1« 

IdJiiilö intrarf du« to vlnoow §hmr, 

SliSJl^iÄW "^,,itWa * "^ ""^,,ltt4a "»* 
V,JJ- 

«haro   J   ■=   7  A v 
(12) 

\r r vtloclty wtor, Ar 5 volu» tilinint. 

Conaoqiwmtljr, iht rat« of dlsilptlon p«r unit wham lit 
11» <^ur « -^l (v J* Sr) I 

Asoualng atMdy flow pamll«! to th« notilo aado, than 

whart^ r ■* rtdlua vactor. ■     **f 

Haooo, the avorag» rato of dioalpation: 

tod the airamg« diaaipatioo in the no«al« par unit voluma: 

J 
i 

(13) 

whore t . avtrage tijne for a unit volume to flow through the nozzle. 
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whart^ «  length «rf mal% mitim 

f m   twtft vnlmitj of liquid d«flnid byi 

/| l m  orooa-stctloml arm of noula 

Q s  foluii fliMl it tit 

IMuf (11), thlt mrngfi jünltül falocity gmdlmt oould then be ctlculited, 
for Mob. iiionlit 

-1,1- 

wberi P s gag» preoova in dynaa/oa2 in the liquid reaarvolr at the 
notala entrance,, 

CrltlÄal energy trad diaaipated anargy in the lipee Jet ara an incretaing 
function of thia averaga initial valooity gradient. Curvea ar« drtm in 
Flgura 20 as linear approxljiiatlons. laauodng Unaarity, it folloita: 

D-oC KE + C (15) 

D m diaaipated energy 

KB m critical anergy 

C|«>r ■ conaianta 

A plot of diaaipated anargy varaua critical anergy indicates c « 0, and 
the diaaipated anergy is an apprcadiiiataly linear fnnotlon of the critical 
anargy, Sae Figure '21, 

Rawritlng (15):  (V-d *.»»«••£/r 

whara CTC - 0,040 f 0,016 average deviation 

The average nozzle efficiency can be written: 

This shows that the average nozzle efficiency for the jet in the critical 
state ia a function of 6- alone for thia range of 6 ainca R is independent 
of 0, Two values of E calculated by (16) agree with the average value 
of the efficiencies of all nozzles with the same nozzle angle 6. 
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Tilt flurtuitl« if ihi tfficl«Mi«B tbout tht avtrtft for a ftrtn mgiM 
•»• rtOtflttd. ia ttit ajrmd of tht valut« .   Mi iprtMl my b« du« 
Ij tHj farlatlora k valooitj' gradiant for a gi,« anglt,   flu iiMtoMBal 
•ffioltMliii •t«n to dtemat with m imrmm in both initial awafi 
vtlioeitj' gradlant and initial avarap filocltj.   Thao« lattir tm 
quaiititia» ara of omtm not .Indapwodant of each otlm*.   Sm Figur« 22, 
lital« «ffiftitnoy a« a fmotlon of angl« can b« conoidarfld frem tto point» 
of nm.   For t»o nonlai wit,h diff«r<nl anglaa hut «qual .annular UMMtwr 
and, .anniilir ■idtb, th« Initial toirijr availabl« for mA in tb» dlmtlon 
normal to th« noul« ml» miw «riliaal condition» i» of th« »an« orttr 
of utinltuda,   lb« total kin«tlo «n«^1, harnmr, Tarii» lnf«r»«ly aa 
«JJT».   aiiiB« th.» Mtrir diaalpatad 1» iirmtly proportional to th» total 
Mmm mwm, th» «fflilin»!«! of th«: two noialea .dif^r, dm to th« 
incr»a»«d «nargr dlaaipatlon, i.» 

pff 
1 c > *' * 

X 
/»■ft S^V0   *A 

•w w WwtwW wwauMi w 

ff.U   = ccfe  t^   )   r    ^TTQ 

Or, »«condly, if th» annular width could b« ftrlsd in such a way aa to 
prodno« toe saaio critical «nargy for two diff»r«nt «ngl« valuoa, than 
th» di«»lpation would be füwd and th« increased efficiency for the nozele 
with the larger angl« would reflect the greater availability for work in 
storing aurface energy,   Henca, the actual stored »urface «n«rgy io 
lnor«aB«d as well «a the efficiency of the procoaa inrolTed in, ita 
storage. 

. 8 B = constant 

13 Sv^G . ^e + > 
SE ■ aurface energy 

D =/F-Jjc ■ constant 

|l|llll||lll|IIIMIlllHiil I»- '*'•■'■ i  
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md ttii «liff«:r«iic« 1M rorftc« inrgr for tbt two aaultt, A«, li |lv«n 
Bfl 

Ml   tf/T^i, -    IC1^ Ht) Uli, 

IHlllli    I" BijBoid»» ivnteri for tli tight aoail« ooitdnfttioo» v»,rl«d fron 566 
to 2594, mi thtr» was no appiviiii oorrwlatlon b«tw« ILand ih« varimi 
MiMrrti filuti, 

M «plrlctl «Mduttim waa ud« of tht total tfücliiioj of «tch, 
noailt, daflntd m Urn ratio of nurfaot mtrgp ptr unit volume at point 
of breakup to tht initial .potential energj per «nit imlum In tbn notil«, 
i.t»,, thi prtttiiiro 

ML  77;  

wturo % ■ total efflciencj 

T^ - apparent ihott thiokmna at breakup 

C • Burfac« t«n«ion 

T» - prassur« in dynes/«2 in the noaale at the critical atate 
of the jet. 

This empirical treatment showo that    et % ^ JJ*1© t  If/, «uj^ 

for all noijslts.   Value« of 1^. werei 

Suimary of Part 3 

(1)   The average kinetic energy, defined by -^ *? *  , where ^ »•?, 
Q - volume flow rate, Ai - cross-sectional area of nowle perpendiculiff to 
flow, necessaiy to produce breakup of an expanding conical jet of water, 
was measured for eight hollow conical nozzles differing in annular width, 
annular diaaieter and angle,   With any two of these design features as 
parameters, this "critical energy" was a decreasing function of the third 
noasale dimension. 

,||: KM   •■• .    * •.-    :• .'■;' ui 
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(2)   thi« apparwnt ahmt thlckiwn», bastd on «■.uiiifom oh««t oro»»- 
■«ctiom, me mmmnd hjf a ■vilocltj diitndjiatiou of th© M at point' of 
brtakup,   TMs «u fowud to ?iry tlightly idth tha fwioua dtaim 
fMtjiwa, daonailmi ultt mgla and liwraanltig wltt dlamntwr and aimular 
wMth,   Avtrag» thickn«»» fbr all th« Jat» was 3.49' x 10-3 m£ 2qj(.   " 

C3)   tha mwgr dliaipattd In transforidng kliwtlc «rwrgy into 
mttm» antrgj and tl» critical aMrfy1 wan both incrmnlnjs fttnction» of 
thi avirtga inltitl wlocttj1 gradiant.   The ratio of these two «iwrfiaa 
wa« a oonatmt for all notalaa itthtu W$.   'The avirag« "nowlt «fficitncy" 
for a given mgle rnlm, agreed wlttiln S% of the value calculated U8in«      * 
the comtant "loiile efficient« la defined as the ratio of the change in 
surface energy of tlw Jet per «nit VOIUM a« it expanded to the point of 
breakap to tl» klnatic emrgy due to the initial, radial, coaroonent of 
velocity, 

(4) For a gi'van .angle, there was a spread In values of nowle 
efiiciency.   In general, nowl* efficiencies increased with angle and 
annwlar 'width, the dependence on the fontar being doiinant. 

(5) There ma Indication of a correlation betwwen no«le efficiency 
and both average initial velocity gradient and critical velocity.   This 
could ejplain the spread of values about the average value for a riven 
noiila angle. ^ 

(6) The total efficiency of each noisale, defined as the ratio of 
surface energy per unit volume at breakup to the potential energy per 
unit 'volume in the nomle, I.e., the pressure, could be expressed empirically 
"y* 

where 0 - noaule half angle for the 
15° € 0 £  30° range 

4- * ggglS miEL M ™ EMBRQETIC3 INTOLVKD 
IN Tg BEEAkUP OF AN EXPAWDIN6 CONICAL JÜ 

There is much wrk in the literature on liquid jot phenomena both 
of eaperimental and theoretical nature. Investigatiom date back to 
the latter half of the 19th Century when such workers as Rayleigh, 
Plateau, 3avart and others considered the problem of instability of a 
solid jet. In Rayleigh's classic papers/instability is discussed from two 
Jpoints of view. The first approach considers the disintegration of an 
infinite cylinder as a result of initial surface disturbances building 
up under influence of surface tension and disrupting the mass in such a 
way as to decrease the original surface area. The other point of view 
is concerned vdth instability of a jet in a frictionless fluid medium, 

1/ See Bibliography 
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bf Wfbtr3i** who Ib'uud that air Motioa dtcrtttod tht min lingth of 
oiclllationa and «boriftmd the brtaJaip dl»tmc». Cafl'tlejian^ oit«t air 
rwacticm at tho primary cause for aiomitatloni in »olid injection 'work, 
and •ipiriiimfcs ooatlmcittd fear 1). M. Isr m. tml jtt» ibcwed, iimt inoreasad 
atnotpherie prassure incraasod the dii^ruptioo of a j«t. 

It would appear thai th« dyn.«aics of jet action involve "avrfaca 
tflnsion, vincositf;, and »action of the atmoapher« surrounding th« >t, 
and any Innstigation of Jota,, auch aa jrt.abi.litj, kinaiatio analyaia,, 
or energy «asurements should tak« Into coniidemtion then« factor». 

Tht bollow conical jet 1« diacusaed by several authors. Hodglcinson''' 
haa mde t theoretical analyaia of th« ahap« of a conical Jtt as controlled 
by aurfac« tension. Effects of viscosity and any atiospharic reaction 
mm not taken into account. The Justification for neglecting air 
reslatanc« was a low Jet volooity. H« found, for low Jot velocities,, 
ttoit th« theoretical shape of the jet agreed reasonably well with that 
obtained «xperiaentaliy for water. P. H. flarner, A. H. Kiaaan, 0. F. * , ■ 
Wood» used the conical Jet to aeasure the amallest initial value of kinetic 
energy neoesaary to ahatter a Jot. This energy they termed, "rupture 
Ltrength1*, and found its value to be a linear function of surface tenaion. 
It was found to be indopendent of viacoalty and Reynold's Number. 

In the prosent discussion, an attempt is .made to develop a aimplifled 
.model for the energetics involved in the breakup of an. expanding conical 
Jet, The effects of viacosity and atmospheric reaction will be included 
in the model, since theory and eiperinental work indicate the influence 
of theae factor» on jet action. 

A diverging, hollow conical sheet of liquid issuing from an annular 
orifice will poaseaa energy in three forms. It will have potential energy 

■with respect to some reference plane in the gravitational field, it will 
possess surface energy, and finally it will, have kinetic energy, all. of 
which can. be expressed, in terms of a unit volume. 'The subsequent dynamica 
of the jet will depend on the way the various energy componenta are 
partitioned and the nature of the forces acting in the system. The 
"system" is compriaed of the liquid Jet and the surrounding medium into 
'which the jet issues. In this discussion, the medium is air at atmospheric 
pressure. Stored energy due to shear stress,, such as may be present in 
visco-elaatic systems, will be neglected. 

At the orifice of a diverging conical nozzle where the effects of 
hydroatatic pressure of the closed hydraulic system are aero, there are 
four forces acting in the liquid-air system: 

1. Surface tension forces, 

2. Gravitational forces, 

3. Frlctional resistance of the air parallel to the motion of the 
jet surface, 
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4.   Frictlonal fore«» In th« Jit Itself 4m to UM» viscoiity of tht 
liquid, and any wlooity gridi«ts pnttrat. 

Th« ipao« iiittiMlf of tht»« torct» will dtWrinlnf tht nitur« of tht chtug« 
in the ptrtitloning of tht initial «ntrp1 of th« ojatm* 

Th« initial mmm ptr unit nimm of liquid at ill« ortfic« io 
partltlonid in the following: wayt 

1. Surfte« «wrgyi 

»»If (1) 

'whtr« 3 - aurfftc« «ratrgy per unit volume1, 

«r- aurfac« tension of moiring ■urftc«, 

T, - inltitl Uli ihlokntii 

This is tmo for .an, adit'batic prooesi.   For an ieothermtl process, an 
additional, term in total surface energy is required to account for heat 
tranufer, I.e., 

where \j absolute teiperature. 

Mlabatic conditions wi,ll 'be asmuned in this 'discussion. 

2. Kinetic «nergys 
I mm   W* 

Kita I (»A (2) 

where 7» ■ initial, average liquid velocity. 

p ■ liquid, density. 

3. Gravitational potential; 

where^.- gravitational constant. 

Vu- height above an arbitrary reference plane. 

The energy per unit volume at any point in the jet in the steady state 
will be a function of the initial energy and space integrals of force 
acting during the tine an element of jet has been in motion. If the 
energy per unit volume of the jet can be measured at any subsequent time 
after the volume element has left the nozzle, then something of the 
nature of the forces at work in the system can be deduced. 
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1. Surfte« «Mrfiri 

whtre Tj - a,nml fl^ thictams. 

2, Iliwtlc •iirfjri 

•■ ■»" 

»ti.xrr# 

(4) 
wh.ep» ^ - final t¥fflrage jet valocitj. 

Thi diffwwnc« btimoii th« «mm of Inlfctn'ii ««^ ^«.«n J 
dliilpation p«r mit imhm 7th«  «ta! it f JS Tr*ta «^"ut«« 
th« point of bro^im    ThZ Sf-!?! f! , ®*PMd« from, th« noul« to poim oi weaJtup.   This diasipation aw, b« ««partUd into two Ur«,» 

Dlsiipation in the liquid a» a r««tilt of velocity gradient». 

v«iocity äS :rÄn
f o?:pi:r/:^;re k:r^of 

knowledge of the bomdary coSitinL f! tlT ^^"f08 ^ tl« «d * 
li lacking, m IZZZ ^rtZ^J^lS*** t*"   31nCft thl8 knowltd8« 
«eabl« t^« disBlp^ionZ SLtSfS «eLÄ""^1 T^ ^ 
averagt«.   kaamm that the TOloHtrÜJ'LT   TiTjf^,w*3r UBln8 S«88 

liquid sheet orTet up Zl ^TulLT^lt'l ^"^ pr<,Mnt ^ th« 
the atmosphere, are en\i«1^111 S 1 L^^l1™ 0f the fthlMt Md 

«urf.ee of the^heet    S W WeV^th^ Ä ^ ^ aJ,ieraal 

^rge compared to the boundaTÄ wUl ^ 
The boundary layer will have a liZZ üwff        5!   velocity profile. j   ^rw* wixx nave a linear velocity profile.   See Figure 9; 

ftl»e»4*' 1 

\£ \>*i*\ 

^'A ^^ 

Figure S$ 

j  
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if 
lilt wlocltj' gndteii iti up li Urn bmmJmy Uywt ¥, lg du« to 

• drng tore* aotini on tho outald« nhoti «urftoo tf th« «tmoophtr« ftnd th« 
rtlillft nhaet-atjioaphfr« wkwtty.   Call tttlii tvirafi fore« over Urn 
•iiiin Itngth of th« j«t tctiag on a «nit am, ?, 

|» anm 11 ij 'k. 
(5) 

M this fore« roMia on th« Jot body twndlug to ratmrd it» motion, and 
th« IOBS in kinttlc imriar of th« Jet body Mill app««r as diMipatim bj 
Vm production of h«at in th« 'boundary laywr.   Hwmc©, th« disBipatfcn por 
unit rolum of jtt, D, during th« Jet motion fro« th« noiil« U the point 
of inatability, I« given bpr th« apao« int«gral of this fore« per unit 
VOIUM oftr th« distance,|, 

"i a f[ itt Jt 1 4^ .•«■ 

wher« f - average sheet thicknasa independent of X , 

(6) 

i» (feu la,a 7' m^ (7) 
T 

IMng equation (13), Part 3, another expreasion for the dissipation per 
unit volun« can 'be written in ton« of the averag« velocity of the jet 
body, v, over the length,A. 

Equating this to equation (7) 



'■ ' 

t    '' 

2.   KliMilo «mrgy Imptrttd to .tir If iuttriotion Kith a mit volu» 
of Jit| w«^, 

EpttlUg inl'itl «otrfy and. final mmrgj of tht J«t par unit wlmi at 
point of bnakui» fits«» 

fill work parformad hf tta Jat on ib« air, UL, it givan tfi 

10^:1  J f 4i » // i»*. Jl n it Jl 
(11) 

Thia aqualn tha diaalpatit» in tht jet, m «ipraantd in aquation (6) and 
the kinatic anergj imparted to Urn air »quals tha disalpation, In tha Jat. 

ft« avartge volocity gradiant in tha jet i» a function of the velocity 
gradlant .initlallj präsent In tha Jet as it leave«„the nossale and the 
gradients aet up in the jet as a result of the outside Jet layers inter- 
acting with the atmosphere. If a velocity gradient «xistt in the jet in- 
ItlaUj, and the outside jet layer has aero intlal velocity, then the force 
tending to accelerate tha slower moving jat layer, f, is given by 

pa*} (Kj a n It 

This force will be initially unopposed since the reaction of the air on 
the Jet results fro« the jet-air relative velocity. As the outside layer 
gains in üloelty, it will experiaiee a retarding force 'because of its 
interaction with the air, and this force will tend to retard the decrease 
in the velocity gradient initially present in the jet. 

Hence| 

[f JUL * // 
(12) 
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V!: 

ttnct mm mwgj It dijilpat«4,ln tht Jit ilillt tht outild« Itjtr is being 
Aceelirtind to tin point vhtrt| it tittbllshtdi   «jjfc     hmixtg hmn i»timd 
as thai mlm of vtlocity gndimt ntoissary to account for th« total «ntrgj1 

diitipation .In th« jet.   In othar wordB, 4   alone dots not account for tlili 
average velocity gradient, but the Ittttr is alto a function of the initial 
vtloeit j gradient • 

To »impllfy tht treatment,, oquation (11) Kill 'be asiunnd, since 
eatiiatlon of the degree of inequality baa not at yet been made. 

Hence| equation (11) txprenaed in ttma of a unit volume of liquid «qualt 
(7)i uad (10} may be rewrittem 

|pa%Vjj:   a^p^fM  i^l, Mi. 
(13) 

wbsre gravity is neglected. 

Rearranging» 

(14) 

The «mpirical equation reportod in Fart 2 relating the critical 
energy with viscosity and surface tension may be compared with (13) • 
Iw a viscoalty range of o«i«4r«»»p,,:'lt «a of form» 

jf9™   i  M ^c, (15) 

For a viscoaity range     r S *) « ^•T'     c't* 

iriii a ^^' + t». 

where Kj^, k2* ^l» C2 ara constants. 

and T»' -'»i  -5.    f-?. 

Rewrite equation (13) 
«aw   Mm * 

where 

(16) 

or   o»*" '      r   lTv Ti)     (I?) 

I 

» 
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Atmialni lt k a» IndaptndtBt of vljcoslty for «toh fiiooiity rmg», ihm 

I ■ ki 

A ■ «i) 

{!%*•  § €.. *l|   * I" 

KM    If 

5I*A ■ C2 
JLiU*'   #•■ 'I H •fw 

A alnil« ixptiimaoi hfts bo«n p«rforni»d to chtok thli r«la,tioMblp., Two 
liquids wert wed for the two vltcoaitj mufti. The flret wu a IQfK 
ethyl alcohol and water aolntian nitl, a viecositi' of 2 op anil a «arface 
tention of 52 djnea/ca. The second nolution, 5C» sucroie and water, had 
a idJOOiltj of 10 cp and a surface tension of 63.0 dynes/on. The 'two 
jete were photographed froa the mnbcritical up throia|h the critical stafe. 
In the eubcritioal velocity region the ejqpandlng coni^. Jet reaches a 
nudiua diamster consiatent with the initial kinetic eMrgy, «id then is 
oontracted to a aolid stream with circular croea-eection. 

By using the equation of continuity, the average velocity at the 
point of contraction can bo calmilated from a ^teurement of the croas- 
sectiontl area. The distance the Jet travels prior to the point of 
eollapse ia also measured. An expression can be written for the average 
force per unit voluie acting on the jet. 

/ fr* -p^l 5 
(19) 

where [t  - drag per unit volume 

vr» - initial velocity 

or^ - velocity at point of contraction 

X   - .measured distance along Jet to point of contraction from 
noutle. 

u* - average velocity over the distance, 

In order to calculate fy , a value of r must be known,. 

It waa assumed that the instantaneous force per unit volume acting on the 
Jet waa related to the instantaneous velocity by the following equation; 

fa-8/ (20) 



"P I"1 fill "11 1 II  I..II .1 

'Mtiurt f" ■ imtaiitiiiioui forct pr wnlt "wlinij, 

\t ■ iu«tt:ni:t«i»ouii imlooltyi 

"1 - factor of proportiouilltjr, tosMwd c«itant. 

Integration and mnnniiimt glwt „„ 

whir« t • tim 

ir&^lf^^'i**? ' dtMliy ^ liq,lW 

'Un   A      'i^LwHIIMlMIMMiMI' 

(21) 

i.|.i-[ri^(a^)]-|^ (22) 

Usim (21), fair conaiatency In tht »aaured value ofl for the >ta having 
various initial velocltiea in th« »ubcritical region justified the aB»uipt:iora 
of Equation (19). Thi» vrgfimnt was applied to the jets in the critical 
region, and the' drag was calculated uaing (18). Using thi» value of force 
of interaction between the jet and the air, the dlatipation was then 
calculated according to (11) and (?)• 

»■Jjf   JUb ii' 
  «      i 
mm |||P 

(23) 

A in (16) is known from the final velocity and the diameter of the Jet at 
point of breakup. 

where Q ■ volume flow rate, 

Jl - jet diameter at point of breakup, 

fp velocity of jet at breakup, 

Hence, the constants K and A in (17) can be calculated and compared with 
their enpirical counterparts reported in Part 2. 
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Cileiliittd 
wiff'^iH'whnW1 xh Wfflmww 

1.00 x 104 

0.3   xlO* 

Bthtnol 

If m 

m 

K 1.00 x 10^ 

A*5I    6.5   xlO4 

A 1.5   xlO4 

kj    0.4 x 104 

«X    1.3 x 10* 

K«      l.t.1 X 10 

cj    3.3 x 104 

Another mithM of conputtng th» ttmrptiof Involved in tb« brtakun 
of tht eonlottl Jet inrolv«» the horiuonttl coiponent of .motion, x nxia 
in Flpre .241« 

Figure Jl^ 

The Jet emergee from the noaale at the nozalo angle, ft, The aurface 
tension opposes the horiaontal motion, decreaaing the x component of 
velocity and ©. At the point of breakup in the "critical state" the 
horizontal velocity ia aero and the Jet flows parallel to the » axis. 
At this point in the jet motion, the kinetic energy due to the initial, 
component of velocity along x has been «xptnded in storing surface 
energy and in doing diasipative work. There is no residual kinetic 
energy term for this component, 

The x component of dissipation may be written from (22) 

where 1 - average drag component along x. 

portion of total dissipated energy due to x component of 
motion. 
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hw 

Ihm ifflt«fr»ti;on 1« mm th§ total biorltonial dljtantt trwtlad by a unit 
foluifi of jot, !«•.! 1.1« In Fiprt 23. 

(27) 

Jot lurfAOi 'Kill iAkt toi« «vtrago angl», S, with ttw Jti wi» »uch 
Uwit 

lv ^L  ^S (26) 

fba mnrff •quation for this co^iponent ia 

JL «ri,, T«»1!!, +• tJC <■ JUT .L. /j.,/ lc\ * 
i  r T,      T,.       ( t   lr)/ 

Hanca, an aqmtion for1 tha horiaontil, confionant inalofOttn to Iquation 
(.13) may tot irittan in form 

whtra 0« ■ initial jot angli, 1.«., nottl« hall angle, 

r I - and        i j    f 

el« '»  T   ^^ 

Lot 

I ^    t   ir i 

Ar   l/l  -i-\ 

Hjl 1 

Rowrlting (2?) 

ip^ru^ r i^,, f^^ (29) 

r 
The «mpirical data of Part 2 can be plotted in terms of the initial kinetic 
energy due to the component of velocity.   For a viocoaity of 

oc-n €*"" CP* *'he empirical equation is of forms 

Por a viscosity range if* H *• VJT  cp 

1^ y^1"^« z 4tjri,Vc 
HX 
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wher«, M belbr«| 

uA    1 i, I*H •!"' 

are oorwtant» 

Apin, AS in lb« total «rwrgy relationship, aaiBuudn.g ^  and ^ art 
:lnctt;p«nd,«nt of viaootiiy for a glv«n flicmnltj rangt, 

0«"*1 f ff^p 

and. 
y  %   WJC *)i 

I in (26) cm b« apprO'XiMtfld geoawtrically.   XtM Jat 'will have a »hap« 
similar to thai in Fipre 29« 

Figuh» Ilk, 

such that Tan Ö - "*/(, 

where R, « ritical radius 

L ■ distance to point of breakup from the nowle along the Jet 
axis. 

JB « © /a   ^w ^^ ^e ^h*00-'- ^^ sucrose jets. 

Using this value of &■, the average horizontal drag force can be calculated 
froa (26), and ^  A>  may be computed and conpared with the empirical 
values.      "* 
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Cilcttlatad Empiric«! 

ml 

*x 1.15 x 10a klx 1.43 x 102 

mi'iii 

.96 x 1Ö2 
«IX 3,5  xlOa 

h 2.10 x 10'2 
hx 2.8  xlO2 

Ax 1.30 x 1,02 

V»x 11.» x 102 02x 10,5   x 102 

Dlacuiion and SuiMttiry of Ptri 4. 

Th«rt la "ordtr of Mpitud«11 agpetmant hvtomm the •mplriotlly 
diiindntd quantitits md calculated »mitt baitd on the aimplified 
iod,«l and the «xpifinint parforied to mtaaure th« entrgy disfllpation, 
The error involved In the aimplliyLni: aaawiptiona uied. in devetoplnf 
th© model and In making the calculation» cannot be estimated without 
.further work. For eumpla, neglecting the Initial velocity .gradient 
In the jet In computing the Jet-air Interaction introducee an error 
which might be capable of «va.lua.ti.on if a aeries of test» was performed 
at «ub-ataospheric pressures.. Qualitatively! neglecting the initial 
velocity gradients would have a tendency to increase K and % over their 
true value, .and this effect ahould be «ore pronounced for the lower 
viacoaity solutions. A. second, aoiuaption that K and A are .independent 
of viscoBity in the two viscosity ranges again requires further'experimental 
work for Its verification. From these preliminary results, it appears 
that this asaumptlon is better Justified In the case of the sucrose 
solution than for the ethanol solution, in the low viscosity range. 
Qualtitatively this is reasonable. The empirical straight-line relation- 
ships (15) and (16) were approximations to a continuous function over 
the entire viscosity range, of general form. 

.  — x. 
i * vT» 
I  - 

T "il  T,,, lliiii 

where K "M (if  ) 

constant. 

The transition region between the two straight-line relationships, where 
k is approximately constant, involves a change in slope with viscosity. 

J^  had a maximum value fairly well defined at jyr^T" cp. The 
accuracy of the data did not, however, preclude a slight variation in k 
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with  if .for lower idtoofiti" ?aluti. Th« »ucro«« MMIW Ml» on tl*t 
Mgion of' tin «urn whir« tim tlopo was lest i«na:iiiv«i to a chmge In 
tiwomitf* 

Tl» tbtoluta «Mru' btlnot for both Urn &ihmal mi iiterof« 
•oliiiow mlng th« total m*m «quatl« (13) m. high on thi '"work 
don«" fidt 'bj 6C|I. ftit Iftek: of agrMiat 'btitmon Urn initial and final 
•mrgy valiMi !• probablj du« in part to iporl.n|: Mi« fff®ct of initial, 
Ttlocity fradlnnt on tho drag, thus increasing tht mlua of the dliiftipation, 
tan. Uflinf th« x - conponant aquation (2?) the balm« !■ bttttr, boing 
17% and 716 for «thanol and «ucroi« rtfpictiwlj. Hart, th« ajwtM «ntrgf 
tppwar» on th« «Initial'• side of th« equation, in «xplanation for this 
re¥«rial in, error trend oftr th« total, energj- «quation probably ll«i In th« 
«Taliatlon of th« aurfte« tn«:rg|' at point of breaJmp. This rnmrgf i» 
iuipifieant in the total energj1 balance 'wtwre reaidual, kinetic energy 
and, dlsaipation Urn» are larger by a factor of 100. For the x, - caiponent 
balanee it bacomes significant. 

Th« «wrfaee e:n«r,gy was calculat«d on, the astunption of a unltont 
.annular oroii ieo:ti,on at the breakup .point of the Jet. Thli aasuiptlon, 
is »or« Justifiable In th« caa« of the higher viscosity sucrose jat than 
for athanol, where s^rface irragularitiei are «ore pronounced. The 
.surface enargy per unit ■volume at the point of breakup is given, byi 

*r/rt 
where*" ■ surfae«, tension, 

fn " j«* aheet thlckna«»,, assumed, unifom. 

Tg. was calculated from, the equation of continuity and the surface energy 
coiputed fron this "apparent" thickness. The values for ethanol and 
sucrose are given below; 

Apparent 
thickness 

Initial 
thickness 

Ethanol 

Sucrose 

-1 
23.0 xlO J m. 

14.7 x 10"^ 

22,0 x lO"-3 cm. 

22.0 x 10-3 

The apparent thickness of the ethanol jet indicates a decrease in. surface 
energy per unit VOIMB as the jet expands. This is not physically 
reasonable. An "effective" thickness can be calculated, using equation 
(26) which would afford a better approximation of the stored surface 
energy, i.e., better indicate the increased surface area per unit 
volume. 
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TJMM vftluts an found to bm 
t 

Kftctiw thlctati» 9.9 x i0"3 m,       o.l x 1Ü"'3 

Tim valuM obtalwd for th« partitioning of «raergy In Urn two J«tn 
art given in Ttblt III. 

f AU III 

Solution Total. In«:r|yr X-Ctaponwni 

lihanol •Iffoctiv« T^' 
"'Ipptrtnt 

Initial Klwtic Inorgy 0.817 x 106 ngu/i J 23,700 23,700' 

ResiduAl Kin«tlc Irwrgy 0.163 x lO6' 0 0 

Dissipated Bnorgy 1.120 x 106 17,900 17,900 

Final Surfte« Energy 10,527 10,527 4,900 

Incrwas« in Surface Energy 5i70O 5,800 -200 

Sueroao 

Initial Kinetic Energy 4.823 x 106 ergn/ca3 U0,000 140,000 

Reeidual Kinetic Energy 0.740 x 10^ 0 0 

Diaoipated Energy 6.760 x 106 125,200 125,200 

Final Surface Energy 20,527 20,527 8,600 

Increaao in Surface Energy 8,300 14,800 3,500 
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Smxil g priory hypoth«»«« war« sugg*itM In, P»rt 2 to «apltln tht 
dipsudmc« of tfw "'crttlc-tl mmfgf m tlioonitj, 

1. IncrflMfd J«t «ttbllitj Indtictd by m imtmm In iim vljoiosltj 
of tht liqnld, al^ndug nan work to bt do» in atorinf mrltc« 
mmm «M ägfdmi frletiontl foro»«, 

2. Incrttwd diislpttion u a :r««lt of inoMtsad vitooftlty. 

The data In Ttbl« Ill indlcat« that „'both ih«a« tfteii txlit.   Th« 
greatflr Innrtaat in mrftm mmrgy of Um hlghor vlMioaitjr msroi« aolution 
raadin irm a oinilor ih««t thioknasa of th« Jat at bmtimp tino« tba 
iurlte« imtiom of tl» two liquid» a« approxliiit«ly wqual«   And »tcondly, 
iho ditalpation of «nargy in tho two Jota la approxiiiitoly proiportional to 
th» rtaptetiTa viaooaitlaa.   Uiln« th« "«ffacttva toloknaia" wlmo, 75% 
of the initial anargy availabla for work in »toring »urfaca «nargy i» 
oatpawtod in ovarooming diiaipaiiwi loa» in th« oase of th« othtnol Jat, 
and &S% is aiidlaiiy «xpandtd by the aucroa« Jat. 

Tht "noMl« «fficiencia»"! daflnad as tba ratio of th« incrtaaa in 
aurfaca «nargy to th« initial kinetic «nargy availa'hl« for th« incr«aa«. 
are* 

fthanol   2k.hS 
Sucroaa  10,5% 

On the baals of efficiancy, th« relativ« gain in »tor«d aurfac« «nargy 
effected by .increasing th« viacosity of th« liquid is count«racted by a 
groatar «nergy dia»ipatien. 

 .'i i-   i'' : I.. n . .Ilnlil 
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1 

i 

liquid diHiity 

oritlctl llqald f«loc:ltj 

liquid «irftct tiation 

liquid Tijco'itty 

j«t thickntti 

msnl« oriXic« crow ■tctlonwil trtft. mnul to strtim-llBti 

not«l« «fficiency, equals ratio of ch«ng;t in «urfac« «ntrgy 
to initial Kl avallabl» for o:on««:nrativ« work 

total nowli efüci^ncy, equÄ« ratio of surface «nflrgy/unlt 
volum at brtakup to initial potmtial «Mriy/vol. in imalt 

absolut« ttiparitur« 

3v 
ii* 

K 
7 

f 

7 x 

i 

R 

W 

e 

Q 

awage velocity gradiant in liquid 

average 8h««t thickness over Jet length 

drag force on aheet surface by interaction with atuwaphere 

average force exerted on outside Jet layer by inner jet 

average initial Jet velocity 

average final jet velocity 

average force retarding Jets motion perpendicular to jet axis 

length of jet 

element of Jet length 

radius of annular orifice 

annular vddth of orifice 

nozzle half angle 

volume flow rate through nozzle 

■i'Mi..!:,!;, ni: i, ,1,:,, 11,1: ;.i1n:..l||[ill|lliii;iil;iliiiJi;i
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d 

BUBh 

B 

Sm 

y 
M 

PE 

I 

di8*i|»t«d mmriff la frit Jit 

dlmnttr of frtt Jtt 

ini:tial kinetic mrnrgf pir wit nimm 

mrfue« mmfgf p«:r unit folöi» 

total surfac« •urgj' undtr iiiotteriil ooMitloRB 

mwff txohaniitd to atioaphaw hy tho frtt Jtt 

poitntlal mmrgf ptr unit wlmm of liquid at stapatlon 
point in noult 

•ntrp' diülpittd par «nit nimm in tht noml« 

kiiwtie antrgj iiparttd to tht air 'by a unit wluü of tht 
tfm Jtt 

•ftrtft velocity of tht Jtt o?tr tho Jtt le-ngth 
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mOH IVST 30 

ßljtrlbttl«» Lift 

I 

Oiff io. 
iMMMMWlMKiHWll^ffilSti 

• 2 

3 

4 

5 

6 

7 

Ö, 9 

10 -i* .13 

14 

17 - 19 

20 - 36 

37 

38 

39-41 

Afltif tent CUitf abanlo«! Ottiaw tmt I 

ilmiir of Tteteli«! Opwatlon« 

Birtotor if tetiroh 

Dlrtoior of Dwelopmnt 

Mmtor of Proimtlom Itogio««rü»i; 

fmgrm MaMg«n«at Of fie* 

Chief, Aaatflflaent DiTlnioD 

Cliiaf, i Diidsion 

CUaff Plant DMip Divlaion 

Chltf, Produet BtifInwrin« DiTitiom 

Chlff, Pilot Plimta DMaion 

Gemandijii Otfltew, Ia?al Unit 

(SAP Dovtlofwent Fi«M Offiea 

Ca»andiiig Officer, BW Aaseannant Laba 
DnipMiy ^roving Ground, Utah 

Offioa of the Chitf Chiaical Officer 
Beaearoh & Dwrelopaeiit Ditiaion 
Departient of the Anny 
Wkflhington 25, D.C. 
ATW: BW Liaiaon Branch 

Office of the Chief Chemical Officer 
Department of the Army 
ihshlngton 25, D.C. 
ATTl: PI&I Divlaion (for 0-2 and CIA) 

President, Chemical Corps Board 
Anqr Chemical Center, Maryland 
Aiat-Jit Liaiaon Officer 
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»If IB* 

A4 

4B 

49 

50-55 

S4 - 60 

61 

62 

DlitribitLon Lli't (Coat'd) 

A«W Ctadoal Ofnlirf Mtryl«! 

(fiiiiiiiflinf Off liSW| CilC CbiiiaJLc4l. It Rftdiolöf 1©*1 Labt 
Anqr Chiadfl«! Ctntir, Miryliad 
Am: Ttetoletl Llbriiy 

C.owwi.d.ln« 0ffie«r, CailC Mtdiotl MM 
tow Chmiml Ctaiir, ItoyltM, 

Ptort MoCltllai», AUbw 

Of fie« of ill« Stowtiiy of D«f tm« 
IKis hingt on 251 D.C» 
ATTit Llbimrita 

Li. .Col. L. C. Mlllor, (MC 
Boprtaontnttv« for Gal Ü 
Ü. 3. Aiw StaMwdlaatlto Group, U.K. 
Beat 65, MN 100, F.P.O. 
NOW ioriC| lii.Xt 

British Utiiott Officer 
BttlMlJif No. 1 
Any Chmieal Ctcittr, Mtrylftnd 

Caoidiaii Aiw Taohnloal Roprosmiatlv« 
Bttllding Mo? 1 
um ChLical Cantor, Maryland 

Exoeutiire Director 
Oparationa aaaearch Offleo 
Jutana Hopkina CniwrBity 
6410 Ccnuaoticut Avenue 
Chovy Cbaa«! Maryland. 

Asslotant Seoratary of Dofens« (BftB) 
Boot 3E   1025, The Pentagon 
jaaMngton 25, D.c. 
ATM: Executive Soerotary, BUMS» Coordinating 

Conittee 
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Wtopüii ^§imm Ifilntlon Qnm 
Qtiim of tut Swfttiy 
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Aw Otadirt C«frf E^Sl 

Idiinriil SieWon, :iiD Wmah, BIIO DivMon 
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